At the stoichiometric I : 1 ratio of atoms, the cubic NaCl-type monoxides TiO, VO and NbO have a large number of vacant sites on both the metal and oxygen sublattices. X-ray determinations of the thermal expansions of these materials show quite distinct differences. At 298 °K, the coefficients of linear expansion defined as ~t= (I/a)(da/dT) are as follows: (TiO)0.sS6(D)0.144 0t= 6"6 (7)x 10 -6 (VO)o.84S([-])o-152 ~=9"3 (6)x 10 -6 (NbO)0.750(W1)0.250 ~t=4-8 (0)x 10 -6
. High resolution dark field micrograph of an SiC whisker showing two sets of superposed {111} twins; only one side of the V-shaped streaks in the diffraction pattern was used to form the image. Note that only one side of the whisker is contributing strongly to the image.
impossible to define the structure of the whiskers in a unique way. A strong cubic component does exist in these banded crystals; the streaks which form the V's around the diffraction spots are formed by a distorted mixture of hexagonal and cubic material.
Summary
Four major causes have been cited for the unusual diffraction effects seen in SiC whiskers: extreme dis-order, mixing of hexagonal and cubic structures, diffraction from thin plates, and deformation of the whisker lattices. To these can be added a fifth, amplifying, cause: multiple diffraction. While its presence cannot be specifically shown, work with the macrocrystalline pure polytypes shows its effects to be unusually strong in this material. In all probability, the clarity and ease with which these complex diffraction effects are seen is largely due to the presence of multiple diffraction, making streaking more intense, causing short axial lengths of a particular periodicity to act as secondary sources of radiation for diffraction from a section of a different periodicity. Though simple diffraction patterns are commonly seen from SiC whiskers, a very large percentage show by these unusual diffraction effects that they are very far from normal single crystals.
Introduction
The monoxides of titanium, vanadium and niobium have structures based on cubic NaC1 and are unique in that they possess a large number of vacant sites in both the anionic and cationic sublattices. Thus, at the stoichiometric composition TiO1.0o there are 14.4% vacant sites in each type of sublattice and the composition may therefore be written in the form (TiO)0.856(t2)0.144 (Taylor & Doyle, 1970; Banus, 1968; Straumanis & Li ,1960; Andersson, Collen, Kuylenstierna & Magn61i, 1957; Ehrlich, 1941) . Similarly the formula for stoichiometric go1.00 may be written as (VO)0.s48(D)0.152 (Banus & Reed, 1970; Stringer, 1965; Gmelin, 1967) .
Whereas the TiO and VO structure can exist over a wide range of composition on either side of stoichiometric, it would seem that the compound NbO is a true Daltonide and tolerates virtually no compositional range (Brauer, 1941; Andersson & Magn61i, 1957) . However there are only three formula units of NbO per unit cell inste~,d of four with the positions 000 and ~l vacant. We could, in a purely formal way, write the composition as (NbO)0.750(~)0.250. However, the structure responds quite differently to the combined effects of pressure and temperature than do (TIO)0.856 (~)0.~44 and (VO)0.848(~)0.1,~2. Whereas all the vacancies can be removed from (TiO)0.ss6(~)~.144 (Taylor & Doyle, 1970) and part of them from (VO)0.848(CS)0.152 (Banus & Reed, 1970; Taylor & Doyle, 1970) , the combined action of pressure and temperature produces no change in the vacancy structure of (NbO)0.750(U)0.2.~0, even with 77 kbar+ 1650°C. It would thus seem that the vacancies in (NbO)0.vs0(~)0.2s0 are part of the structure and are very different in character from the random vacancies in titanium and vanadium monoxide. The difference is reflected in the expansion characteristics of the material and, as we shall show in a subsequent communication, in its isothermal compressibility.
Experimental

X-ray techniques
X-ray diffraction patterns were obtained by the Debye-Scherrer powder method with a high-intensity rotating anode X-ray tube (Taylor, 1966) . Two 19 cm diameter cameras were employed. One was designed to cover the range -200 to +200°C (Taylor, 1960) whereas an evacuated Unicam high temperature camera was used to cover the approximate range 25 to 1000°C. The temperatures in both cameras could be held within the limits _+ 2 °C over exposure times of about 11-hours. Vanadium-filtered Cr K~ radiation (2Kcq = 2-28962 A, ).Koc 2 = 2"29351 A) was used for the VO samples while nickel-filtered Cu K:~ radiation (2K:~l = 1.54051 A, 2Kc~2 = 1.54433 A) was employed for NbO and TiO. In the case of the last named, the fluorescence radiation from the sample was removed by placing a strip of X-ray film in front of the film cassettes.
Although thermocouples were employed to indicate the approximate temperatures of the X-ray specimens (copper-constantan for the low temperature camera and 10% Rh/PtRh for the Unicam), it was preferred to determine the true temperatures below 650°C from the lattice parameter of a known reference material mixed with the samples. Thus, errors due to lack of intimate contact between thermocouple and specimen, conduction along the thermocouple wires and temperature gradients (which are particularly severe in the 25 to 400°C range in the Unicam instrument) could largely be avoided. Annealed aluminum powder of purity 99.999% proved suitable as a reference material. The lattice parameter of this element has been accurately determined by X-ray methods over the range -250 ° to +25.5°C by Figgins, Jones & Riley (1956) , and from 20 to 650~C by Wilson (1941 Wilson ( , 1942 , the latter claiming that his results represent the International Temperature Scale to 1 °. Other accurate determinations have been made by Hume-Rothery & Boultbee (1948) over the intermediate range -50 ~ to + 200°C. These determinations form a self-consistent set of data, and temperatures based on them can be determined with a precision of + I°C.
Above the melting point of aluminum, instead of the mixture lnethod, thermocouple readings were employed using a correction curve based on the lattice parameter of pure platinum computed from the thermal expansion data of Holborn, Scheel & Henning (1938) and Esser & Eusterbrock (1941) . At 650°C the thermocouple reading is 10=C above the computed value, dropping to 6 at 985°C. We do not find any crossover point fi'om a positive to a negative correction at 650°C as reported by Pease (1955) and Simmons (1970), our correction curve being closer to that reported by Brand & Goldschmidt (1950) . It should be pointed out that while our precision above 650°C is probably no better than + 2 ° our temperatures in this higher range are tied to the scale based on the abovementioned work of Holborn, Scheel & Henning (1938) . Between 650 and 850°C, this scale is systematically lower by about 3°C from a scale based on a more recent determination of the expansion coefficient of platinum by Kirby & Rothrock (1968) . As far as the present work is concerned, it makes very little difference which authority we choose.
For lattice parameter determinations in the range -200 to + 200°C, using the low temperature camera, micron-fine powders of the respective oxide samples were intimately mixed with aluminum powder using a trace of gum tragacanth as a binder. For work in the high temperature camera a different type of specimen was employed to prevent any possible reaction between the sample and the aluminum standard, especially above the melting point of the latter. To this end, the sample proper was located in the lower half of an evacuated thin-walled fused silica specimen tube of diameter 0.05 cm. A second, similarly evacuated and sealed-off tube of slightly smaller diameter, but filled with aluminum powder, occupied the top half of the specimen tube with the X-ray beam straddling the region of contact between the top of the oxide sample and the bottom of the aluminum-containing tube. The position of the composite specimen in the beam was adjusted until a suitable balance was obtained between the intensities of the superimposed diffraction patterns. Lattice parameters were obtained by employing the well-known method of extrapolating the experimentally determined values of a versus the function F(0)= ½(cos 2 0/0 + cos 2 0/sin 0) (Taylor & Sinclair, 1945; Nel-son & Riley, 1945) . The extreme sharpness of the highorder end doublets of aluminum coupled with their high Bragg angles (0_ 81 ° for the 333 reflection with Cu K~ radiation and _~79-7 ° for the 222 reflection with Cr Ka) enabled the lattice parameter of the reference standard to be obtained with a reproducibility of + 0.00005 A. Thus, above -100°C, the mean temperatures of the samples, based on the published data for aluminum could be determined to within + 1 °C although the temperature stability in the camera was only +2°C. Between -197 and 100°C, the accuracy is probably no better than + 1.5 °C. In general, the diffraction patterns were taken in random order with occasional returns to room temperature to ensure that no reaction had occurred between the silica container and the samples, and that no permanent change in lattice parameter had taken place either by conversion to a different vacancy level or by the ordering of vacancies.
With VO and NbO the diffraction lines were sharp and the precision in lattice parameter determination was +0.0001 A. However, the diffraction lines from the TiO samples, although well-resolved, were somewhat less sharp and were superimposed upon a relatively high background despite the use of an absorbing screen as described above. In addition, the highest order reflection, 333, occurs at a Bragg angle of about 72 °, thus necessitating a long extrapolation curve. These factors reduced the precision of lattice parameter determinations to +0.0002A for (TiO)0.s56(N)0.144, while it is probably no better than +0.0004 A for (TiO)l.00(©)0.00.
Preparation of titanium monoxide
The samples were made by melting zone-refined titanium metal (>99.99% Ti) and TiO2 of purity 99.99% in an argon arc furnace to produce buttons weighing 10 g. These were homogenized by annealing for two days at 1500°C in a vacuum of 10 -6 torr and quenced to preserve the high temperature NaCl-type structure. Combustion analysis showed the composition to correspond to TiO1.006, while mass-spectrograph microprobe analysis indicated a nitrogen content of only 146 ppm. Density and lattice parameter measurements showed the annealed material to contain x= 0.144 vacancy pairs. Subsequent pressing at 77.4 kbar and 1650°C in a tetrahedral anvil press (Hall, 1958) reduced x to a value close to zero. A third sample was also available with x = 0.02 (5).
Preparation of vanadium monoxide
Homogenous single-phase alloys of stoichiometric composition VO1.00 are extremely difficult to produce by conventional melting and annealing techniques, the end product almost invariably being an alloy consisting of two face-centered cubic phases, even when the heat-treatment consists of a vacuum anneal of 20 hours at 1600 °C. The alloy employed in the present investigation was made from 'Marz' vanadium supplied by the Materials Research Corporation (major impurities in ppm: O 112, Fe 20, Ni 12, Pd 15, Ti 6 and W 7), and V203 of purity > 99.99% (Alpha Inorganics Inc.). A 10 g button of the monoxide was prepared in the argon arc furnace and, after 20 hours at 1600°C in vacuum followed by additional heat treatments at 1650 ° and 1750°C had failed to produce a single phase, the lump was ground to fine powder, pressed into a slug at 80,000 psi and sintered in vacuum for 20 hours at 1400°C. The product was single phase which yielded excellent diffraction patterns with well-resolved high order lines. Combustion analysis showed it to contain 49.75 at.% oxygen. The nitrogen content was found by mass spectrometry to be 74 ppm by weight. The lattice parameter at 25°C was 4.0678A (9"0 cm diameter Debye-Scherrer camera), and the density by the Archimedes method with toluene as the immersion fluid was 5.57 (4) g./cm -3. This gives x, the fractional number of vacancy pairs in the lattice, as 0.152, The formula for the monoxide may thus be written (VO)0.848(D)0.152, assuming the composition to be truly stoichiometric.
Preparation of niobium monoxide
In order to check the compositional range of the NbO phase field in addition to carrying out compressibility and thermal expansion measurements, five alloys of closely similar composition embracing the stoichiometric NbOl.00 ratio were made as 10 g buttons in the argon arc furnace from Kennametal niobium powder (< 350 mesh size, O2<200 ppm, C<0.06, Nz<0"03, Ta<0.10, Ti, Fe and Si<0.01 wt.%) and niobium pentoxide of purity >99"99% (Kawecki Chemical Co.). Combustion analysis in air gave the compositions listed in Table 1 , which also lists the phases and lattice parameters obtained by X-ray diffraction.
As can be seen from the constancy of lattice parameter and the phase sequence, the range of composition of the NbO phase is extremely small and is probably less than +0.1 at.%. A density determination by the (9) Archimedes method in toluene of the alloy containing 50.56 at.% 02 yielded Q=7-25(5) g.cm -3, giving 2.99 (4) as the number of formula weights per unit cell. By analogy with the monoxides of titanium and vanadium the formula may thus be written as (NbO)0.750(D)0.250. The same alloy was used for the thermal expansion measurements.
Thermal expansion results
3.1 Titanium monoxide Fig. 1 shows the variation of the lattice parameter a as a function of T(°K) for (TiO)t-z(O)z with x= 0.144, 0.02 (5) and 0.00, respectively. The curve for x=0.144 was obtained by means of a computer using a leastsquares program and represents the best which can be drawn through the experimental points. The curves are parallel to each other within the accuracy of the experimental data over the range of measurement. Thus the curve for any value of x may be obtained from the curve for x=0.144 by the simple addition of a corrective term Aa~ which is obtainable from a plot of lattice parameter az versus vacancy concentration x (Taylor & Doyle, 1970) .
It was found convenient to split the a versus T curve for x=0.144 into two ranges, namely 76 to 300°K and 193 to 700°K, and to express each section in the form of a quadratic equation, no advantage being obtained in this case in employing higher powers of temperature. The ranges are chosen to ensure proper continuity in the curves of a versus T, and (I/a) (da/dT) versus T.
For the range 76 to 300°K we can write, (1) and (2), (see Fig. 3 ). * The parentheses mean that the enclosed digit is the best but uncertain estimate of the last digit in the number. Fig. 1 . Lattice parameters versus temperature of (TiO)l-z(l-1)x for x=0"00, 0-02 (5) and 0.144, and A1 calibration standard. (Taylor & Doyle, 1970 (B+2Ct) is independent of x, it follows that with a=4.1796 A for x=0.144 and a=4.2067 for x = 0 at 297 °K, the net effect of filling the vacancies is to reduce the coefficient of expansion from 6.6 (7)
x 10 -6 to 6.6 (1) × 10 -6.
It will be noted that measurements of thermal expansion have been limited to temperatures below 750°K. This is because the cubic form of TiO is in metastable equilibrium below 1473°K and begins to transform to the more stable monoclinic modification (Watanabe & Castles, 1967; Hilti & Laves, 1968 ) above 750 °K. The observed values of a are presented in Table 4 along with values of the expansion coefficient at 50°K intervals. The standard error of estimate in a from the computed values is 1.2x 10-4~ over the range 76 to 1100°K. For comparison purposes, a plot of the coefficient of expansion is presented in Fig. 3 18.0 (5) 18.9 (5)
Vanadium monoxide
3"3 Niobium monoxide The thermal expansion of (NbO)0.750(5)0.zs0 was determined over the temperature range 73 to 1123°K. The lowest temperature, 73°K, which is about 3°K below that normally attained for liquid nitrogen, is probably the result of too last a rate of transfer of nitrogen from the Dewar vessel and out of the cooling nozzle surrounding the X-ray specimen. The expansion curve is shown in Fig. 2 . For analytical purposes, it can be broken into two distinct ranges, one of which can be expressed as a cubic equation, while the other is a perfectly linear function of temperature.
Range 73: 436°K a=4.20923 + 1.91411 x 10-5(T-250)+2.30765
x 10-8(T-250)2-9.53632 x 10-13(T--250) 3 . (7) Range 436:1123°K a=4.21245+2.75750 x 10-5(T-400).
The observed and computed values of lattice parameters are presented in Table 5 along with computed values of the expansion coefficient. The latter are plotted in Fig. 3 for comparison with the expansion coefficients of the other monoxides. The standard error of estimate in a from the computed values is 0.63 x 10 -4/~, taken over the range 73 to 1123°K. SrO 13"9 14.3 ~x 10 6 6.6 (7) 9-3 (6) 4. 8 (0) of diamond, with NbO having the lowest compressibility of the group. Measurements of the compressibilities of the oxides are presented in the succeeding paper.
